Pentose sugars can be an important energy source for ruminal bacteria, but there has been relatively little study regarding the regulation of pentose utilization and transport by these organisms. Seknomonas ruminantium, a prevalent ruminal bacterium, actively metabolizes xylose and arabinose. When strain D was incubated with a combination of glucose and xylose or arabinose, the hexose was preferentially utilized over pentoses, and similar preferences were observed for sucrose and maltose. However, there was simultaneous utilization of cellobiose and pentoses. Continuous-culture studies indicated that at a low dilution rate (0.10 h-1) the organism was able to co-utilize glucose and xylose. This co-utilization was associated with growth rate-dependent decreases in glucose phosphotransferase activity, and it appeared that inhibition of pentose utilization was due to catabolite inhibition by the glucose phosphotransferase transport system. Xylose transport activity in strain D required induction, while arabinose permease synthesis did not require inducer but was subject to repression by glucose. Since an electrical potential or a chemical gradient of protons drove xylose and arabinose uptake, pentose-proton symport systems apparently contributed to transport.
A variety of fermentable substrates are available to ruminal microorganisms throughout the feeding cycle of the host animal. The appearance of substrate mixtures means that ruminal microorganisms are faced with the choice of simultaneously utilizing several substrates or preferentially metabolizing one over another. Russell and Baldwin (18) demonstrated that ruminal bacteria used a variety of strategies in the utilization of carbohydrate, and these results helped explain microbial interactions within the rumen. Several bacterial species displayed substrate preferences which could be accounted for by catabolite regulatory mechanisms; later work indicated that regulation by enzyme induction and the phosphotransferase (PTS) system of carbohydrate transport also controlled substrate utilization (12, 14) .
Although hexose sugars are the predominant carbohydrate in the rumen, a considerable amount of pentose is found in feedstuffs. Hemicellulose can account for nearly 50% of plant cell wall material, and in many plants xylose and arabinose make up more than 80% of the sugar isolated from hemicelluloses (27) . Since hexoses and pentoses are simultaneously available during at least part of the feeding cycle, bacteria have the opportunity to co-utilize these carbohydrates or exert a preference. However, the metabolism of pentoses in the rumen has received relatively little attention, and the potential effect of hexoses on pentose utilization has been studied even less.
Selenomonas ruminantium is an important ruminal bacterium (4) which can account for a considerable portion of propionate production (from succinate decarboxylation) in the rumen (22, 24) . Some strains are also lactolytic (3) and could have a role in the modulation of ruminal acidosis. S. ruminantium actively metabolizes pentoses, and it appeared that xylose was a "non-catabolite-regulated" substrate in strain HD4 (18) . Subsequent transport studies showed that xylose transport was inducible (28) , but it was not clear t Published with the approval of the Director of the Kentucky Agricultural Experiment Station as journal article 92- 5-149. whether other factors regulated the uptake and metabolism of pentose sugars. Since S. ruminantium is a predominant ruminal bacterium and because pentoses are most likely an important growth substrate in the rumen, the utilization and transport of xylose and arabinose were examined. In addition, because hexoses and pentoses are simultaneously present in the rumen, the effect of glucose and hexose disaccharides on pentose utilization was studied.
MATERIALS AND METHODS
Cell growth. S. ruminantium D (8) (5) , and experiments were conducted with a New Brunswick F1000 fermentor with a 345-ml growth vessel. Carbohydrates were prepared and autoclaved separately, and the D isomer of xylose and L isomer of arabinose were used in all studies. The medium pH was adjusted to 6.7 with NaOH, the gas phase was 100% C02, and incubations were at 39°C.
Transport assays. Cells from 80-ml cultures (11 to 13 mM carbohydrate) were harvested by centrifugation during exponential growth (10, 10 mM MgCl2, and resuspended with 10 ml of buffer. A 1-ml sample of cell suspension was treated with toluene-ethanol (30 ,u; 1:9 [vol/vol]) for 1 min during vortexing, and phosphoenolpyruvate-dependent phosphorylation of glucose was spectrophotometrically measured by using an enzyme-linked assay as described previously (12) .
Analyses. Samples were anaerobically withdrawn from culture vessels with a syringe, cells were immediately separated from culture fluid by centrifugation (15,000 x g, 5 min, 4°C), and cell-free supematants were frozen at -20°C until analysis. Pentoses were measured by using a colorimetric assay and were differentiated from hexoses by the absorption difference at 660 versus 600 nm (6) . Glucose was measured with hexokinase and glucose-6-phosphate dehydrogenase (2) . Sucrose, cellobiose, and maltose were also enzymatically determined as described previously (18) . Pro 
RESULTS
Pentose utilization by batch cultures. When S. ruminantium D was provided with glucose and xylose or arabinose, hexose was preferentially utilized and no pentose was used during the metabolism of glucose (Fig. 1) . Growth ceased after glucose depletion, and there was a 1.5-to 3-h lag (arabinose and xylose cultures, respectively) before detectable pentose utilization began. The growth rate during pentose utilization was considerably slower (approximately 0.10 h-1) than that of cultures initially provided only with pentose (>0.55 h-1 [ Table 1 ]). Strain D preferred sucrose over pentoses (data not shown), although some arabinose (10%) was used during sucrose metabolism and the lag periods before pentose use were not as long as when glucose was provided. Similar experiments were conducted with S. ruminantium HD4; this strain used 30 and 50% of the xylose and arabinose, respectively, before glucose depletion, and no diauxic growth was observed (data not shown).
The addition of glucose to strain D cultures previously fermenting xylose severely reduced the rate of pentose utilization (Fig. 2a) . This inhibition occurred very rapidly (within 15 min after glucose addition) and persisted while glucose was present. The effect of a glucose pulse on arabinose disappearance was less dramatic (Fig. 2b) . Additions of sucrose caused similar responses in xylose and arabinose utilization (data not shown). When pentoses were added to cultures already fermenting glucose, pentoses were not utilized until glucose had been completely fermented (data not shown).
S. ruminantium D preferred maltose over arabinose and xylose, but unlike incubations containing glucose, some pentose (10 to 15%) disappeared during metabolism of the disaccharide ( Fig. 3a and c) . Growth ceased after maltose depletion (data not shown) and resumed approximately 1 h later at a rate that was considerably faster (0.20 h-1) than the rate after glucose depletion. Xylose utilization was reduced by a pulse addition of maltose ( Fig. 3b ), but there was no detectable effect on the rate of arabinose disappearance (Fig.  3d) .
When cellobiose and pentoses were provided, the disaccharide and pentose sugars were simultaneously utilized ( Fig. 4a and c) . The addition of cellobiose to cultures already fermenting pentose did not significantly alter the rate of pentose use, but there was a lag in the use of cellobiose (data not shown). In the converse experiment, there was a slight lag in the use of a xylose pulse, but arabinose was immediately utilized ( Fig. 4b and d) . In all cases, there eventually was simultaneous utilization of cellobiose and the pentoses. The growth rate on a combination of cellobiose and pentose was greater than that on single sugars (Table 1) .
Pentose utilization by continuous cultures. Batch-grown cultures of S. ruminantium D were unable to utilize glucose and xylose simultaneously, and these cells had high levels of glucose PTS activity (Table 2) . However, carbohydratelimited (5.5 and 6.67 mM glucose and xylose, respectively) continuous cultures grown at 0.47 h-1 were able to metabolize approximately one-third of the xylose provided and glucose PTS activity was somewhat lower. Complete coutilization of glucose and xylose was observed when the dilution rate was decreased to 0.10 h-1, and PTS activity was reduced approximately 66% at this low growth rate.
Since low-dilution-rate cultures were able to co-utilize hexose and pentose, it was of interest to examine whether these cells retained the ability to prefer glucose over xylose under carbohydrate excess conditions. When the medium inflow to the culture vessel was stopped after 3.5 generations (1 day or approximately 91% turnover of original culture) and pulse doses of glucose and xylose were added, there was slight co-utilization (approximately 25% xylose utilization at the time of glucose depletion) but glucose was clearly preferred (Fig. Sa) . If similar pulses were added after 24 generations (7 days or >99.99% turnover), glucose PTS activity was reduced sixfold and hexose and pentose were simultaneously utilized (Fig. Sb) .
Pentose transport. When S. ruminantium D cells were anaerobically harvested, washed in potassium phosphate, and incubated in sodium phosphate, cells accumulated radiolabelled xylose or arabinose (Fig. 6) . Transport rates were similar in potassium phosphate, but uptake was not observed when oxygen was present during either the harvest or the assay procedure. Pentose transport was decreased by the ionophores monensin and valinomycin, and xylose uptake was particularly sensitive to the protonophore TCS (Fig. 6) . Cells grown on pentoses or cellobiose accumulated arabinose at relatively rapid rates when compared with cultures grown on maltose or sucrose (Table 3) . However, (Fig. 7) .
Since mixed-substrate incubations indicated that glucose was preferred over pentoses, we investigated whether pentose transport was affected by glucose. When arabinosegrown cells were incubated with radiolabelled arabinose, there was rapid accumulation of the pentose (Fig. 8) . However, when unlabelled glucose was added while arabinose was being transported, there was an immediate inhibition of pentose uptake and expulsion of arabinose from the cells. Qualitatively similar results were obtained when xylose uptake was examined (data not shown).
Preliminary experiments indicated that ATP levels in S. ruminantium D decreased more than 80% within 45 min when cultures were treated with 2-deoxyglucose (data not shown), and these de-energized cultures were then used to study electromotive-driven pentose accumulation. When de-energized cells were incubated in potassium acetate with the potassium ionophore valinomycin and then diluted into buffers of different ionic compositions to create artificial proton and electrical potentials, transient uptake of arabinose and xylose was observed (Fig. 9) . 
DISCUSSION
The rumen contains a complex consortium of microorganisms, and many microbes have overlapping specificities for carbon and energy sources. There is indeed competition for substrates, but some ruminal bacteria exhibit substrate preferences and use this tactic as a survival strategy. Most past work has dealt with the metabolism of hexose sugars, and there has been relatively little study of how pentose sugars are utilized. S. ruminantium D clearly preferred glucose and sucrose over xylose and arabinose (Fig. 1) . Previous studies (14) indicated that strain HD4 transported glucose and sucrose via the phosphoenolpyruvate: PTS system and we also detected glucose PTS activity in strain D ( Table 2) . Transport of carbohydrate by the PTS has been shown to inhibit the uptake of "nonpreferred" substrates via a mechanism referred to as catabolite inhibition, PTS repression, or inducer exclusion (21) . Based on the model of Saier (21) cally inactivates transport. Since dephosphorylated enzyme III would predominate when PTS sugars are present, the uptake of nonpreferred sugars (e.g., pentoses) would be inhibited. Such a mechanism is consistent with the observations that pentose was not metabolized until glucose was depleted (Fig. 1) , pulse doses of glucose reduced pentose metabolism rates (Fig. 2) , and glucose inhibited the transport of pentoses (Fig. 8) . Since it is not known whether S. ruminantium possesses enzyme III, some other PTS enzyme could be the actual regulatory component, and it is also possible that a regulatory scheme not involving the PTS system was controlling pentose metabolism. It was interesting that a glucose pulse dramatically reduced the rate of xylose utilization by S. ruminantium yet arabinose use was not as severely affected (Fig. 2) ; apparently, the arabinose transport system is not as sensitive to PTS-mediated inhibition, but the details underlying this difference are not known.
Although S. ruminantium preferred maltose over pentoses, there was "leaky" utilization of xylose and arabinose during maltose fermentation (Fig. 3) . Martin and Russell (14) proposed that S. ruminantium HD4 hydrolyzed maltose using an extracellular maltase and the resulting glucose monomers were taken up by the glucose PTS system. We found that glucose PTS activity in maltose-grown cells of strain D was less than half that of glucose-grown cultures (data not shown); this lower PTS activity may have permitted leaky pentose utilization.
The pentose utilization patterns in continuous cultures also support the hypothesis that PTS activity regulated pentose metabolism. As the dilution rate was decreased, simultaneous hexose and pentose utilization was observed, and this co-utilization was associated with a reduction in glucose PTS activity. However, when pulse doses of glucose and xylose were added to a low-dilution-rate culture (Fig.  Sa) , glucose was still preferred. This observation suggested that adequate levels of PTS components may have been available to cause inhibition as long as excess glucose was present. Somewhat surprisingly, very little PTS activity was found in cultures grown at a slow dilution rate for 7 days. Yet, activity in this culture (20 nmol/min/mg of protein) was sufficient to account for the rate of glucose metabolism (23.2 nmol/min/mg of protein). These cells were able to co-utilize pulse doses of glucose and xylose, and this result would be consistent with limiting amounts of PTS components relative to xylose permease.
Growth-rate-dependent regulation of PTS activity and pentose utilization has potential implications regarding our understanding of ruminal microbial ecology. Soon after feeding, soluble carbohydrates, namely, hexoses, are plentiful and bacteria grow rapidly. During this time, PTS activity would presumably be high and the metabolism of pentoses by S. ruminantium would be inhibited. However, the organism is usually associated with the fluid fraction, and soluble carbohydrates become limiting later in the feeding cycle. As the concentration of lucrative carbon sources is reduced, growth rate and PTS activity would decrease. In this situation, co-utilization of hexose and pentose would occur, and this pattern of carbohydrate utilization would allow the organism to survive during periods of low carbohydrate availability. Although increased growth rate was associated with increased PTS activity in S. ruminantium, the situation is quite different in some oral streptococci; PTS activity of Streptococcus mutans declines as growth rate is increased (25, 26) .
Apparently, there are strain differences among ruminal selenomonads in the regulation of pentose utilization. Rus-sell and Baldwin (18) found that xylose, sucrose, and glucose were co-utilized by strain HD4; on the basis of these observations, they stated that xylose was a "non-cataboliteregulated" substrate. However, the rate of glucose disappearance was rather slow and difficult to reconcile with the very rapid growth of HD4 seen in other studies (19 (14) , and this variation may account for the different utilization patterns. Recent work has shown that there is considerable genetic diversity among S. ruminantium isolates from the rumen (7) .
Cellobiose and pentose was the only substrate combination which was co-utilized by strain D (Fig. 4) . Little information is available regarding cellobiose uptake by most organisms, but cellobiose PTS has been found in Erwinia carotovora and Streptococcus bovis (1, 13 (28) also found that xylose uptake was inducible in strain HD4. Unlike xylose uptake, significant amounts of arabinose transport were found in cellobiose-grown cultures of strain D. In addition, a pulse dose of arabinose was immediately used by cells previously growing on cellobiose while there was a slight lag in the use of xylose (Fig. 4) ; these results suggested that arabinose was not required for induction. Since glucose-grown cells had relatively little arabinose transport capacity, it appeared that the arabinose transport systems may be under repressive control. The most defined models for pentose transport are found in Escherichia coli, which possesses high-and lowaffinity uptake systems for both xylose and arabinose (9, 10, 17) . These uptake mechanisms are strongly induced by pentose and are subject to repression by glucose.
Pentose uptake was inhibited by ionophores and the protonophore TCS (Fig. 6) . Ionophores (e.g., monensin and lasalocid) are fed to many ruminant animals, and although gram-negative bacteria are generally regarded as ionophore resistant, there is evidence that these chemicals can affect membrane processes in gram-negative organisms (16) . The pH optimum for xylose uptake by strain D (Fig. 7) was somewhat more narrow than that for HD4 (28) , and arabinose uptake was very sensitive to decreasing pH. Ruminal pH normally ranges from 5.5 to 7.0, is dependent on diet composition, and varies through the feeding cycle; it is possible that extracellular pH could be another factor modulating the utilization of pentoses. Russell and Dombroski found that S. ruminantium grown in continuous culture on glucose was able to tolerate low pH (pH 5.0), but yields were reduced 50% when compared with pH 6.7 (20) . Further study is required regarding the effect of pH on pentose fermentation.
Since it was possible to drive pentose transport in deenergized cells by the imposition of an artificial electrical potential or chemical gradient of protons (Fig. 9) , it appeared that electrogenic pentose-proton symporters contributed to xylose and arabinose uptake. Intact cells have a variety of energy-transducing mechanisms which can directly and indirectly provide the driving force for ion-dependent solute accumulation; the use of membrane vesicles helps avoid such confounding factors. We attempted to isolate membrane vesicles by using mutanolysin treatment (15) , but while it appeared that the outer membrane was removed, the cells retained their characteristic crescent shape. Nevertheless, the results with de-energized cells demonstrated that pentose transport was ion driven. Since Williams and Martin (28) found that xylose uptake exhibited biphasic kinetics, it is possible that the organism possesses mechanisms other than proton-solute symporters for the uptake of pentose.
Regulation of solute transport could be very important in environments (e.g., the rumen) where there is intense competition for substrate and energy can be limiting. Energy expenditures needed to maintain biologically active membranes and to drive active transport can be considerable; it has been estimated that as much as 27% of the total ATP required for the formation of cell material is used for transport of monomers across the bacterial cell membrane (23) . Substrates which support faster growth rates or increased cell yields are often utilized in preference to less lucrative substrates. The use of PTS by S. ruminantium allows the organism to make such choices regarding substrate utilization. Solute transport via the PTS system is energetically advantageous under energy-limiting conditions; sugars entering the cell by active transport (ATP or ion driven) must be phosphorylated by kinases before they can enter catabolic pathways, but the PTS phosphorylates the sugar as it passes across the cell membrane and thus spares ATP equivalents.
The effects of substrate preferences on utilization patterns and growth rate indicate that bacterial growth in the rumen is not a simple process. For instance, the synergistic effect on growth rate of a combination of cellobiose and pentose was quite different from the diauxic growth pattern observed with glucose and pentoses. There has been much study of single-substrate utilization by ruminal bacteria, but it is clear that these studies have inherent limitations when one is considering an ecologically complex habitat such as the rumen. The carbohydrate utilization patterns of S. ruminantium demonstrate that mixed-substrate incubations yield information which would not necessarily be gleaned from single-substrate experiments.
